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FilopodiaThioredoxin reductases are important selenoproteins maintaining cellular redox balance and regulating
several redox dependent processes in apoptosis, cell proliferation and differentiation. Speciﬁc functions of
dedicated splice variants may add further complexity to the functions of these proteins. We show here that a
splice variant of human thioredoxin reductase 1, TXNRD1_v3, forms both dynamic cytoplasmic ﬁlaments and
provokes instantaneous formation of dynamic cell membrane protrusions identiﬁed as ﬁlopodia. Using
truncated versions of the protein we found that both the cytoplasmic ﬁlaments and the ﬁlopodia formation
were exclusively dependent on the glutaredoxin domain of the protein. Interestingly, actin polymerization
was required for ﬁlopodia formation triggered by TXNRD1_v3, but not for generation of cytoplasmic
ﬁlaments. We conclude that the glutaredoxin domain of TXNRD1_v3 is an atypical regulator of the cell
cytoskeleton that potently induces formation of highly ordered cytoplasmic ﬁlaments and cell membrane
ﬁlopodia.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
The thioredoxin system is composed of different isoforms of
thioredoxin (Trx) and thioredoxin reductase (TrxR) at its core.
Mammalian TrxR are selenoprotein pyridine nucleotide oxidoreduc-
tases that functionpredominantly asdimers, transferring electrons from
NADPH to the active site disulﬁde of Trx. In its reduced form, Trx acts as a
protein disulﬁde reductase modulating various physiological and
pathological processes of importance in proliferation, differentiation,
immune reactions or progression of cancer [1–3]. Mammals have three
distinct TXNRD genes encoding isoforms of TrxR: TXNRD1 is the gene
encoding themajor form TrxR1mainly localized in cytoplasm [4], TrxR2
is expressed from TXNRD2 and is mainly found in the mitochondria
[5,6], while TGR encoded by TXNRD3 is predominantly found in
maturing sperm [6,7].
The TXNRD genes display extensive alternative splicing, mostly at
the 5′ end, giving rise to different protein variants from the same gene.reen ﬂuorescent protein; Grx,
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ll rights reserved.In the case of the human TXNRD1 gene, at least ﬁve different protein
products have been identiﬁed [4,8–10], with three of them yet
analyzed to some extent: TXNRD1_v1 is the classical TrxR1 isoform
[4], TXNRD1_v2 carries an LXXLL nuclear receptor box by which it
binds to and regulates the activity of estrogen receptors [11] and
TXNRD1_v3, which contains an extra N-terminal glutaredoxin (Grx)
domain. The TXNRD1_v3 transcripts are mainly found in Leydig cells
of the testis and in cancer cell lines, with the expression being
regulated by sex hormones [4,12]. Initial studies on overexpression of
TXNRD1_v3 in HeLa and HEK293 cells demonstrated striking effects
on cell morphology by the production of profuse cell membrane pro-
trusions and a dotted cytoplasmic appearance [12]. Here we further
studied the details of the nature of thesemorphological changes and the
results add further insight into the functionsof TXNRD1_v3 in relation to
cytoskeletal dynamics.
2. Materials and methods
2.1. Constructs
Constructs for the expression of TXNRD1_v1, TXNRD1_v3 and the
GRX domain as fusions with GFP have been previously described [12].
We created the HcRed fusion of TXNRD1_v1 by replacing the GFP open
reading frame with the HcRed open reading frame through standard
cloning techniques in the TXNRD1_v1-GFP construct. Actin-GFP was
1589P.E. Damdimopoulou et al. / Biochimica et Biophysica Acta 1793 (2009) 1588–1596purchased fromClontech and the GFPwe replaced by the CFP to be used
in the described experiments.
2.2. Transfection experiments
HEK293 and MCF7 cells were grown on glass coverslips until they
reached60–80%conﬂuency. Subsequently, cellswere transfectedwith the
indicated constructs using Lipofectamine 2000 (Invitrogen) according to
the manufacturer's instructions. For immunocytochemical experiments,
cells were ﬁxed in 4% paraformaldehyde 16 h after transfection and
stained for actin, tubulin and DNA as previously described [12]. The live
cell experiments were performed 6–16h post transfection. For the
Cytochalasin B treatment a 50 µM concentration was used and imaging
commenced 1 min after the addition of the chemical.
2.3. Fluorescence microscopy
Imaging was conducted on a Leica AS MDW ﬂuorescence
microscope (Leica Microsystems). DAPI, GFP, and Alexa Fluor 568
(Molecular Probes) were excited, and ﬂuorescence was detected
using a triple band-pass ﬁlter cube (LeicaMicrosystems). The Grx1-
FLAG [13] was detected employing the M5 anti-FLAG monoclonal
antibody (Sigma) at 1:1000 dilution and visualized with an anti-
mouse Alexa 488 conjugated antibody (Molecular Probes). Separa-
tion of the ﬂuorophores was achieved by adjusting the excitation
wavelength of the monochromator. For the phalloidin Alexa Fluor
647 (Molecular Probes) a Cy5 ﬁlter (Chroma) with excitation and
emission wavelengths of 620/60 and 700/75 was used. Image stacks
were obtained with a step size of 0.25 µm in the z-direction and
then deconvolved using the AutoQuant blind deconvolution algo-
rithm. In live cell experiments the z-stacks were obtained every
minute or for the fast movies every 7–9 s with a 0.5 µm step size. 3D
reconstruction was performed in Autoquant and Volocity software
packages. Images were prepared in PhotoShop (Adobe) and ImageJ
for publication.
3. Results
3.1. The Grx domain of TXNRD1_v3 rapidly generates dynamic ﬁlopodia
and forms cytoplasmic ﬁlaments
In this work, we aimed to study the details and dynamics of the
cellular phenotype with cell membrane protrusions that we had
previously observed upon overexpression of TXNRD1_v3 [12]. Thus,
the humanmammary carcinoma cell lineMCF7 and embryonic kidney
HEK293 cells were transfected with the isolated Grx domain of
TXNRD1_v3 coupled to GFP, named v3(GRX)-GFP, or using GFP alone
as control. While GFP was homogenously distributed throughout the
cells and the membrane morphology appeared smooth, cells trans-
fected with v3(GRX)-GFP displayed a speciﬁc localization of the
ﬂuorescence pattern in cytoplasmic speckles and cell membrane
protrusions (Fig. 1A). Indeed, the v3(GRX)-GFP was a highly potent
inducer of membrane protrusions inMCF7 cells, as all transfected cells
presented this newmorphology (data not shown). In agreement with
our earlier ﬁndings [12], the isolated v3(GRX) domainwas sufﬁcient in
promoting this phenotype, while control transfection with the core
thioredoxin reductase domain of TXNRD1_v3, lacking the Grx domain,
did not cause cytoplasmic speckles ormembrane protrusions although
some intracellular colocalization with actin could be seen (supple-
mental Fig. 1). Taken together we conclude that the morphology
change observed with the TXNRD1_v3 protein was solely due to the
Grx domain located at the N-terminal end (see [12] for a scheme of the
splicing pattern of TXNRD1 and TXNRD1_v3). Simultaneous staining
for actin and tubulin revealed that the v3(GRX) partially colocalized
with actin in the membrane and membrane protrusions as well as in
the cytoplasmic speckles.To exclude the possibility that the morphological changes were due
to a general effect of overexpressing any given glutaredoxin domain,we
conducted a control experiment employing the classical Grx1 protein.
As shown in Fig. 1B, cells transfected with a construct overexpressing
Grx1 taggedwith the FLAGepitope to aid the visualization of the protein
displayed none of the phenotypes associated with the v3(GRX).
We noted here that v3(GRX)-GFP also displayed highly organized
ﬁlament-like structures in the cytoplasm (Fig. 1C). These ﬁlaments
were long and thin and, unlike the cytoplasmic speckles, appeared
independent of polymerized actin and of tubulin structures, suggest-
ing that the TXNRD1_v3 is either a ﬁlamentous protein per se or that it
may associate with other cytoskeletal components. As found with the
membrane protrusions and cytoplasmic speckles, the Grx domain
alone of the v3(GRX) constructmaintained the ability of forming these
cytoplasmic ﬁlaments. In addition, TXNRD1_v3 ﬁlaments appeared
highly dynamic, exhibiting both protruding and retractilemotions and
the ﬁlaments grew in length as well as by branching (Fig. 2A and
Movies 1 and 2).
In order to study the dynamics of the membrane protrusion
formation and the time required for their induction by TXNRD1_v3,
we next transfected HEK293 cells with TXNRD1_v3-GFP and com-
mencedwith image acquisition as soon as theGFP-tagwas visible (4–6 h
post transfection). Notably, at that time the protrusions had already
formed, revealing that TXNRD1_v3 had an instantaneous effect on the
cell morphology. It was evident that the protrusions were highly
dynamic, with fast protruding and retractile movements on a minute
scale (Fig. 2B,Movies 1, 3). Themorphology anddynamic nature of these
protrusions, together with the fact that they contain actin ﬁbers, suggest
that themembraneprotrusions inducedbyTXNRD1_v3meet the criteria
to be classiﬁed as ﬁlopodia (see discussion) [14].
3.2. TXNRD1_v3 localizes at the edge of the cell and is highly mobile
The plasma membrane association of TXNRD1_v3 is the fourth
property of theprotein that canbeattributed to the isolatedGrxdomain.
As shown in Fig. 3A, control cells transfected with only GFP have actin
staining detected as long ﬁbers running in parallel and in immediate
proximity to the plasmamembrane, where also some GFP ﬂuorescence
could accumulate as seen at high magniﬁcation. Prominent actin cables
were found also in the v3(GRX)-GFP transfected cells, but in this case
they localized underneath the cell membrane which, in turn, together
with thenewly formedﬁlopodiawasheavily stainedwith v3(GRX)-GFP.
Thus it can be concluded that the Grx domain of TXNRD1_v3 associated
with the cellmembraneat thevery edge of the cell, followedby the actin
ﬁlaments. Also, TXNRD1_v3 does not appear to induce similar
reorganization of the cortical actin (Figs. 1 and 3A) as e.g.WAVE during
creation of lammelipodia with in that case heavily branched actin ﬁbers
oriented towards the plasma membrane [15].
In order to determine the mobility of individual TXNRD1_v3
molecules at the edge of the cell, we subsequently employed
Fluorescence Recovery After Photobleaching (FRAP) using a Leica
TCS SP2 confocal microscope, whereby a small area of the membrane
was bleached and then the recovery of ﬂuorescence was recorded at
2-second intervals. The results revealed that both TXNRD1_v3 and v3
(GRX) were highly mobile molecules within the membranes and/or
that the structures that these proteins are associated with are ﬂuid
and interchangeable (Fig. 3B, Movie 4). Apparent in Movie 4 are also
the dynamics of the creation/retraction of ﬁlopodia in the time scale of
seconds.
3.3. TXNRD1_v3 but not its isolated Grx domain can co localize with
TXNRD1_v1 in the ﬁlopodia
Since TrxR enzymes are typically dimers, we next examined
whether TXNRD1_v1 and TXNRD1_v3 could heterodimerize, or at
least co localize, in cells. Cotransfection of HEK293 cells with
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Fig. 2. The ﬁlaments and membrane protrusions induced by TXNRD1_v3 are highly dynamic. (A) An enlargement of the cytoplasmic TXNRD1_v3 ﬁlaments in HEK293 cells after
overnight transfection. The arrows indicate different ﬁlaments that are elongated and retracted, arrowheads point branching ﬁlaments. (B) A time lapse 3D reconstruction of a
HEK293 cell transfected with TXNRD1_v3-GFP. The zoomed in reconstructed area is indicated by a white square in the left panel. The cells were imaged 6 h post transfection for
altogether 1 h with a z-stack obtained every minute. A 10-minute period is shown.
1591P.E. Damdimopoulou et al. / Biochimica et Biophysica Acta 1793 (2009) 1588–1596TXNRD1_v1-HcRed and TXNRD1_v3-GFP indeed showed that
TXNRD1_v3 co localized with TXNRD1_v1 in both cytoplasmic
speckles and ﬁlaments, cell membrane, and ﬁlopodia (Fig. 4, upper
panels). This interaction was, as expected, dependent on the
thioredoxin reductase domain of TXNRD1_v3, since no co localization
could be detected upon cotransfection of TXNRD1_v1-HcRed with the
isolated glutaredoxin domain using v3(GRX)-GFP (Fig. 4 lower
panels). It should be noted that the ﬁlopodia induced by v3(GRX)-
GFP were devoid of ﬂuorescent TXNRD1_v1-HcRed (Fig. 4 lower
panel), implying that TXNRD_1-HcRed became localized in ﬁlopodia
only in association with TXNRD1_v3 and that the co localization
(presumably dimerization) was dependent upon the thioredoxin
reductase domain of TXNRD1_v3. Furthermore, overexpression of
TXNRD1_v1-HcRed did not disturb the typical TXNRD1_v3 subcellular
distribution, nor did it affect the cytoskeletal rearrangements
provoked by the Grx domain of overexpressed TXNRD1_v3. This
suggests that the Grx domain of TXNRD1_v3 could potentially induce
ﬁlopodia without direct involvement of the endogenous TrxR1,
although such interactions cannot be completely disregarded at this
stage.Fig. 1. v3(GRX)-GFP forms cytoplasmic ﬁlaments and produces membrane protrusions inMFC7
stained for actin (red), tubulin (magenta) and DNA (blue), and stepwise imaged in the z-directi
actin. (B) MCF7 cells transfected with a Grx1–FLAG construct, and stained with anti-FLAG (g
indicated at themerged image on theupper panel. (C) Anenlargement (indicated by the boxed a3.4. The formation of ﬁlopodia driven by TXNRD1_v3 but not the
induction of cytoplasmic ﬁlaments is dependent on actin polymerization
We previously found that modest membrane protrusions devoid of
polymerized actin could be provoked by the Grx domain of TXNRD1_v3
[12]. Since we here found that TXNRD1_v3 could potentially form
ﬁlaments per se and since the proteinwas preferentially localized at the
membranes, we asked whether the ﬁlopodia formation was a function
of the ﬁlamentous properties of the TXNRD1_v3 protein itself,
independently of the actin cytoskeleton. To test this, we disrupted
actin polymerization using Cytochalasin B and then assessed any
potential v3(GRX)-driven formationofﬁlopodia andﬁlaments. Blocking
actin polymerization completely prevented the v3(GRX)-dependent
ﬁlopodia formation (Fig. 5A). Interestingly, however, the dynamics of
the cytoplasmic ﬁlaments remained undisrupted, as shown on an
arbitrary time point after Cytochalasin B treatment in Fig. 5B and
Movie 5, adding further support to the ﬁnding that the v3(GRX) protein
organizes into actin-independent ﬁlaments in the cytoplasm.
Since the staining of actin in the previous experiments was achieved
with the phalloidin-conjugated Alexa probe we were restricted to onlycells. (A)MCF7 cells were transfected overnight with v3(GRX)-GFP or GFP alone (green),
on. The arrowheads indicate the cytoplasmic structures of v3(GRX)-GFP co localizing with
reen), actin (red) and DNA (blue). The lower panel is an enlargement of the boxed area
rea in themerged image) of theﬁlamentous structures of v3(GRX)-GFP, actin, and tubulin.
Fig. 3. TXNRD1_v3 localizes at the leading edge of the cell and is highly mobile. (A) An enlargement of cell membrane structures in MCF7 cells after overnight transfection with GFP
alone or v3(GRX)-GFP. The rightmost image in the series shows an isosurface model of GFP (green) and actin (red). (B) A FRAP experiment with TXNRD1_v3-GFP and v3(GRX)-GFP
transfected MCF7 cells. Fluorescence recovery in the point-bleached membrane area (depicted with a circle) was followed every 2 s for a total of 60 s.
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this limitation, we next used a CFP-tagged actin variant. This enabled us
to follow the properties of actin and TXNRD1_v3 in live cells as well as
being able to detect actin in its unpolymerized form. In agreement with
the previous results we did not ﬁnd any major intracellular co
localization between the TXNRD1_v3-GFP or v3(GRX)-GFP proteins
with actin-CFP. However, what became apparent in these live cell
studies was that bursts of what appeared to be mostly unpolymerized
actin were engulfed by “pockets” of TXNRD1_v3. As is shown in Fig. 6,
TXNRD1_v3 appeared to be concentrated around those islets of
unpolymerized actin both towards the plasma membrane as well astowards the cytoplasm of the cell, thereby effectively surrounding the
actin. Interestingly, the movement of these actin islets was highly
dynamic, as demonstrated inMovie 6. Similar resultswere alsoobtained
employing only the GRX domain of the protein (data not shown).
4. Discussion
We here present data that portray a splice variant of human
thioredoxin reductase 1, TXNRD1_v3, as a potent regulator of the cell
cytoskeleton structure. We found that it formed both dynamic
cytoplasmic ﬁlaments and provoked instantaneous formation of
Fig. 4. TXNRD1_v3 interacts with TXNRD1_v1 in the ﬁlopodia and speckles. Enlargement (area depicted with a square) of a HEK293 cell transfected with TXNRD1_v1-HcRed (red)
and TXNRD1_v3-GFP (upper panel) or v3(GRX)-GFP (lower panel) (green).
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found that both the cytoplasmic ﬁlaments and the ﬁlopodia formation
were exclusively dependent on the N-terminal glutaredoxin domain
of the protein. This ﬁnding is important, as it implies that the effects of
TXNRD1_v3 on the cytoskeleton are not related to the fact that TrxRs
are selenoproteins, having a catalytic Sec residue close to the C-
terminal end of the TrxR protein [16]. Because the isolated Grx
domain also lacks the FAD- and NADPH-bindingmotifs of TXNRD1_v3,
the ﬁndings show that these cofactors of TXNRD1_v3 are also likely to
be dispensable for its effects on the cytoskeleton. Furthermore, it
should be noted that v3(Grx) lacks classical Grx oxidoreductaseFig. 5. The ﬁlopodia formation by TXNRD1_v3 is dependent on actin polymerization. (A) An
with 50 µM Cytochalasin B. (B) A time lapse 3D reconstruction of the boxed area in 5A. The v
creation and retraction of ﬁlaments on a relative time scale.activity [9,12] and overexpression of the classical Grx1 did not lead to
a similar phenotype (Fig. 1B). Therefore it is not clear, as of today, if
the effects of TXNRD1_v3 on the cytoskeleton are related to any redox
activity of the protein or if other mechanisms are involved, such as
direct protein–protein interactions.
Pathways governing the formation and structure of the actin
cytoskeleton and cell protrusions are complex, strictly regulated and
involve a number of specialized proteins. In general, Rho protein family
GTPases, such as Cdc42 and Rac, relay external stimuli to Wiskott–
Aldrich syndrome proteins (WASP) or WASP family verprolin homol-
ogous (WAVE) proteins, to ultimately activate actin nucleation throughMCF7 cell, transfected with v3(GRX)-GFP over night, before and 1 min after treatment
3(GRX)-GFP ﬁlaments were followed after Cytochalasin B treatment. Arrowheads show
Fig. 6. Non-polymerized actin is engulfed by TXNRD1_v3. HEK 293 cells were transfected with actin-CFP (red) and TXNRD1_v3-GFP (green). An enlargement depicting part of the
plasma membrane and cytoplasm of one cell is shown. Cells where imaged for 30–60 min at 1 min intervals and a representative time frame of 3min is displayed. Arrows indicate
pockets of actin engulfed by TXNRD1_v3.
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that are dynamic, spike-like projections containing bundles of parallel
actin ﬁlaments, whileWAVE orchestrates the formation of lamellipodia,
i.e. very thin but broad sheet-like projections containing a network of
branched actin ﬁlaments [15,17,18].
To provide a hint towards the cytoskeleton-regulating pathway that
TXNRD1_v3 could inﬂuence, we compared the Grx domainwith several
known actin regulatory proteins in search of conserved domains.
Alignments against the bundling proteins IRSp53 and IRSTK revealed no
resemblance to typical domains such as the IRSp53/MIM homologydomain (IMD) and Src homology 3 (SH3) domain [19,20]. Similarly,
alignmentwith the classical proteins of actin regulation (Cdc42, Rac, Rif,
WASP, WAVE, and Arp2/3) did not show any signiﬁcant similarity,
especially within the conserved domains that are expected to be crucial
for their function, such asWASP homology 1 and 2 domains and GTPase
binding domains [17]. It appears unlikely that the mode of action of
TXNRD1_v3 would be reminiscent to those families of classical
ﬁlopodia-regulating proteins. Based upon its protein characteristics
and the cellular phenotype triggered by its overexpression, TXNRD1_v3
seems to be a hitherto unknown type of cytoskeleton regulator.
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did not appear to have any high degree of colocalization with these
major structural proteins, apart from some partial colocalization with
actin. This was also conﬁrmed in the live cells where actin-CFP did not
colocalize with TXNRD1_v3, however it appeared that islets of actin
were surrounded by TXNRD1_v3molecules. Furthermore, we observed
that TXNRD1_v3 seemed to directly form polymerizing and depolymer-
izing ﬁlaments, a property to our knowledge that is for the ﬁrst time
reported for a thioredoxin- or glutaredoxin-related protein. This raised
the questionwhether the polymerizing properties could be essential for
the functions of TXNRD1_v3 as a ﬁlopodia regulator. Blocking actin
polymerization was however found to be essential for the ﬁlopodia
formation, thereby eliminating the possibility of TXNRD1_v3 forming
ﬁlopodia per se and the protein is hence more likely to act as an inducer
of ﬁlopodia. The polymerization properties of TXNRD1_v3 could
nonetheless be indispensable for its ﬁlopodia formation properties.
Onemechanism could be that the polymerized TXNRD1_v3may act as a
nucleation centre for actin ﬁlaments to form, similarly to nucleation
factors such as Arp2/3 and formins that thereby may give rise to
ﬁlopodia [21]. Generally, two different models for ﬁlopodia formation
have been proposed: i) the starﬁsh model, with peripheral ﬁlopodia
attached to a growth plate, and ii) the hedgehog model with additional
dorsally located ﬁlopodia, induced by the Cdc42 and Rif GTPase
pathways, respectively [22]. By 3D reconstruction of time lapse image
stacks, we found that the ﬁlopodia containing TXNRD1_v3were created
in three dimensions and that the protein was present both in
peripherally attached and dorsally unattached protrusions (Fig. 2B,
Movie 3). Thus, TXNRD1_v3 dependent ﬁlopodia generation would be
most consistent with the so-called hedgehog model.
The recently described lipid phosphatase-related protein 1 (LRP-1)
appears to promote a similar phenotype as TXNRD1_v3 when
overexpressed in cells. LRP-1 induced ﬁlopodia that are both periph-
erally and dorsally located and the protein, similarly to TXNRD1_v3, is
found through the whole length of the protrusions unlike many other
ﬁlopodia-associated proteins that localize either at the tip or the base
[23]. A property that sets these two proteins apart is the time required
to promote ﬁlopodia, since TXNRD1_v3 provoked ﬁlopodia that were
readily detected around 4 h post transfection, compared to 12–24 h
for LPR-1 [23].
The plasma membrane association of both the LRP-1 and the
TXNRD1_v3 is another property that these two proteins have in
common. However, while LRP-1 contains six transmembrane domains
that explain its localization [23], the mechanism of membrane
association for TXNRD1_v3 or its isolated Grx domain is still unknown.
Through sequence analysis a myristoylation site of high conﬁdence
could be identiﬁed at the N-terminal end of the Grx domain of
TXNRD1_v3 (supplemental Fig. 2). This suggests that it could
potentially be associated to membranes through myristoylation,
which however has to be veriﬁed experimentally.
Recently, using HEK-293 cells stably overexpressing TXNRD1_v1, it
was demonstrated that this could hinder the reorganization of F-actin
that occurs during 12-Otetradecanoylphorbol-13-acetate (TPA) expo-
sure and thus inhibit chemically induced lamellipodia [24]. Interestingly,
in our experiments, TXNRD1_v1 was partially colocalized with certain
actin structures (supplemental Fig. 1B). The above described effect of
TXNRD1_v1 overexpression on F-actin reorganization and lamellipodia
formation appears to be indirect, as it affected the activity of kinases and
phosphatases involved in the regulation of protein kinase c δ (PKCδ) [24]
and could potentially relate to pro-oxidant effects, as discussed
elsewhere [25]. Hence, the molecular mechanisms underlying the
effects of TXNRD1_v1 and TXNRD1_v3 on cell morphology seem to be
completely independent, as TXNRD1_v3 appears to directly affect
ﬁlopodia while TXNRD1_ v1 is associated with pathways related to
the control of lamellipodia. Indeed, when we cotransfected TXNRD1_v1
and TXNRD1v_3 we did not observe any diminished tendency by
TXNRD1_v3 topromoteﬁlopodia. Thepartial colocalizationbetween thetwo proteins was expected due to the well known dimerization
character of TrxR proteins. Similar colocalization could not be detected
with the GRX domain, which suggests that TXNRD_v3 retains its
capability to dimerize and that the dimerization is indeed dependent on
the TrxR domain of the protein (Fig. 4).
The exact molecular mechanism of regulation of the cytoskeleton
by TXNRD1_v3 remains to be clariﬁed. A hint may possibly be
provided by a study of Grx2, where activation of Ras by Grx2 was
reported [26]. Grx2 and the Grx domain of TXNRD1_v3 display high
homology (supplemental Fig. 3), suggesting the possibility that
TXNRD1_v3 could activate GTPases, such as Rif, which in turn could
induce the actin-dependent formation of ﬁlopodia [27]. Alternatively,
TXNRD1_v3 could promote actin polymerization through the revers-
ible glutathionylation of actin molecules [28]. Even though the
tentative redox active site of the Grx domain in TXNRD1_v3 is not
functional in typical Grx activity assays [9,12] we cannot exclude the
possibility that it might be functional as an oxidoreductase with
speciﬁc substrates yet to be determined. In this context, it should be
noted that actin polymerization is known to be redox regulated,
susceptible to oxidative modiﬁcation and a substrate of the endog-
enous thioredoxin system [29]. Finally, with the glutaredoxin domain
of TXNRD1_v3 having high homology with Grx2, it should be noted
that Grx2 can form an iron-sulfur cluster likely involved in redox
control [30] while no indications as of today exist suggesting that the
glutaredoxin domain of TXNRD1_v3 would form an iron–sulfur
cluster. However, none of these effects related to any potential
enzymatic activity would explain the highly structured association of
TXNRD1_v3 or its Grx domain with cytoskeletal structures, as
described herein. TXNRD1_v3 clearly adds another level of complexity
to the relationship between the thioredoxin system and cytoskeletal
rearrangements. Further studies of TXNRD1_v3 should therefore focus
on both possible interacting protein partners, potential enzymatic
substrates and its membrane binding capacity, as well as its own
polymerization capacity in relation to its effects on cellular phenotype
and morphology.
As a multidomain protein, devoid of any known conserved actin
regulatory components, TXNDR1_v3 portrays an intriguing regulator
of the cytoskeleton, as several known, or unknown, pathways could be
involved in exerting its effects. For instance, the somewhat resem-
bling phenotypes between TXNRD1_v3 and LRP-1 may indicate that
the Grx domain of TXNRD1_v3 could activate the GTPase Rif or
downstream targets of that pathway or, alternatively, the protein
could enhance actin polymerization through catalyzed (de)glutathio-
nylation of speciﬁc actin cysteine residues. The present results,
together with the estrogen- and androgen-dependent expression of
this TrxR1 variant and its presence in several cancer cell lines [12] also
renders the protein interesting for studies related to cancer
progression. Thus, the potential involvement of TXNRD1_v3 in
tumor growth, invasiveness and metastasis, as well as in cell to cell
contact, adherence or communication, deserves further attention. It
seems clear, however, that TXNRD1_v3 is a new atypical and potent
inducer of cytoplasmic ﬁlaments and cell membrane ﬁlopodia.
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